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Speract, a decapeptide from Strongylocentrotus purpuratus sea urchin eggs, transiently stimulates a membrane guanylyl
yclase and activates a K1-selective channel that hyperpolarizes sperm. However, previous studies of sperm and of sperm
membrane vesicles reached conflicting conclusions about the mechanisms that open these channels. We find that speract
hyperpolarizes and increases the cGMP content of flagellar vesicles. We confirm previous findings that intravesicular GTPgS
nd GTP enhance this hyperpolarization, but not GDPbS. The G protein activators AlF42 and mastoparan also are
ineffective. Thus, it is unlikely that a G protein participates in the speract response. In contrast, hyperpolarization responses
to speract are increased by 3-isobutyl-1-methylxanthine, which preferentially inhibits cGMP-selective phosphodiesterases
of sperm, and the 8Br-cGMP derivative hyperpolarizes vesicles in the absence of speract. The responses to speract and to
8Br-cGMP have similar ionic selectivities (K1 > Rb1 > > Li1 > Na1) and sensitivities to the channel blockers
-aminopiridine and 3,4-dichlorobenzamil, indicating that they likely result from opening of the same K1 channel.
Inhibitors that preferentially inhibit cAMP-selective phosphodiesterases do not alter responses to speract, and permeant
cAMP analogs do not hyperpolarize vesicles. In addition, inhibitors of protein kinases and phosphatases fail to alter vesicle
hyperpolarization by speract. The increase in vesicular cGMP content produced by speract therefore may directly mediate
opening of the channel that hyperpolarizes sperm membrane vesicles. Similar mechanisms presumably operate in intact
sperm. © 2000 Academic Press
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nINTRODUCTION
Sea urchin egg jelly contains small peptides which
prepare and guide sperm in their journey toward the
female gamete (Garbers, 1989). These include speract,
a decapeptide (Gly-Phe-Asp-Leu-Asn-Gly-Gly-Gly-
Val-Gly) isolated from the egg jelly of Hemicentrotus
pulcherrimus (Suzuki et al., 1981) and Strongylocentro-
tus purpuratus (Hansbrough and Garbers, 1981).
Crosslinking experiments indicated that speract binds to
a 77-kDa protein closely coupled to sperm guanylyl cy-
clase (GC) and transiently activates this enzyme (Gar-
bers, 1989; Yuen and Garbers, 1992). Speract increases
1 To whom correspondence should be addressed. Fax: (52-73)
172388. E-mail: darszon@ibt.unam.mx.0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.he cGMP and cAMP levels and produces a K -
ependent transient hyperpolarization in S. purpuratus
perm (Garbers, 1989) and flagellar plasma membranes
2 Abbreviations used: 4-AP, 4-aminopyridine; 8Br-cGMP,
-bromoguanosine 39,59-cyclic monophosphate; CaMKII, Ca21/
almodulin-dependent protein kinase II; cGMP, cyclic guanosine
onophosphate; CNG, cyclic nucleotide gated; diBu-cGMP,
uanosine 39,59-cyclic monophosphate, N2,29-O-dibutyril; DCB,
9,49-dichlorobenzamil; diS-C3-(5), 3,39-dipropylthiodicarbocyanide
iodine; diS-Ba-C2-(3), bis-(1,3 diethythiobarbiturate) trimetineoxo-
ol; DMSO, dimethyl sulfoxide; GDPbS, guanosine 59-O-(2-thio-
diphosphate); GTPgS, guanosine 59-O-(3-thiotriphosphate); H-7,
1-5-(isoquinolinylsulfonyl)-2-methylpiperazine; H-8, N-2-(methyl-
amino)ethyl-5-isoquinoline sulfonamide; IBMX, 3-isobutyl-1-
methylxanthine; PMSF, phenylmethylsulfonyl fluoride; Rp-8-
pCPT-cGMPS, guanosine 39,59-cyclic monophosphorothioate,285
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286 Galindo et al.(Lee, 1988). This hyperpolarization stimulates Na /H
exchange (Lee and Garbers, 1986) that in turn increases
intracellular pH (pHi). Speract also activates other ion
ransport systems which transiently increase intracellu-
ar Ca21 concentration ([Ca21] i) and depolarize sperm
(Darszon et al., 1999).
Though it has been shown that speract increases the
GMP concentration, opens K1 channels, and hyperpolar-
zes swollen sperm (Babcock et al., 1992; Cook and Bab-
ock, 1993a), it is not known if these channels are directly
odulated by cGMP (Darszon et al., 1999). The speract
receptor is found in the sperm flagellar plasma membrane
(Dangott and Garbers, 1984; Garbers, 1989). Sperm flagella
can be osmotically shocked to isolate membrane vesicles
whose intravesicular medium becomes accessible to
membrane-impermeable compounds and ions during the
process. When subjected to an outward K1 gradient, these
agellar vesicles undergo a speract-induced membrane po-
ential hyperpolarization which can be measured with
uorescent dyes such as dipropylthiodicarbocyanine
diS-C3-(5)) (Lee, 1988). These vesicles are a simplified
dvantageous system to study the mechanism by which
peract modulates the K1 selective channel.
The hyperpolarization induced by speract in these flagel-
lar membrane vesicles has been reexamined using a more
extensive array of pharmacological tools selective for G
proteins, K1 channels, phosphodiesterases (PDEs), protein
inases, and phosphatases. In addition, the ability of per-
eable analogs of cGMP and cAMP to hyperpolarize the
esicles was determined. Our findings provide new evi-
ence that the linkage between activation of the speract
eceptor and K1 channel opening is not mediated by G
proteins or by protein phosphorylation status, but instead
by a direct action of cGMP on the channel.
MATERIALS AND METHODS
Gametes and Reagents
S. purpuratus sea urchins were obtained from Marinus (Long
Beach, CA). Sea urchin sperm were obtained by intracoelomic
injection of 0.5 M KCl and kept undiluted on ice until assayed.
Bis-(1,3 diethythiobarbiturate) trimetineoxonol (DiS-Ba-C2-(3))
and diS-C3-(5) dyes were from Molecular Probes (Eugene, OR). DCB
as synthesized as described previously (Cragoe et al., 1967).
Valinomycin, 8Br-cGMP, 8Br-cAMP, diBu-cGMP, diBu-cAMP,
GTPgS, mastoparan, Ro-20-1724, and 3-isobutyl-1-methylxanthine
(IBMX) were from Sigma (St. Louis, MO). H-7, H-8, Rp-8-pCPT-
cGMPS, HA 1004, KN-62, Lavendustin A, and Genistein from
Calbiochem (La Jolla, CA), and synthetic speract was from Penin-
8-(4-chlorophenylthio)-Rp-isomer; Ro-20-1724, 4-(3-butoxy-4-me-
thoxybenzyl)-2-imidazolidinone; HA 1004, N-(2-guanidinoethyl)-
5-isoquinolinesulfonamide; KN-62, 1-[N,O-bis-(5-isoquinoline-
sulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine; and Laven-
ustin A, 5-amino-[(N-2,5-dihydroxibenzyl)-N9-2-hidroxibenzyl]
alicylic acid.Copyright © 2000 by Academic Press. All rightsula Laboratories (Belmont, CA). K channel modulators were from
lomone Laboratories (Jerusalem, Israel). The rest of the reagents
ere of the highest quality available.
Isolation of Flagellar Membranes
Flagellar membranes were isolated according to Lee (1984, 1985,
1988). Briefly, semen (1 ml) was diluted in 20 ml of cold sodium-
free seawater (0NaSW; 460 mM choline–Cl, 27 mM MgCl2, 28 mM
Mg2SO4, 10 mM CaCl2, 8 mM KCl, 2 mM KHCO3, 10 mM Hepes,
H 8.0). Cellular debris and impurities were removed by centrifu-
ation at 250g for 5 min. Sperm were sedimented from the
upernatant at 3000g for 5 min, resuspended in 200 vol of cold
NaSW, pH 8.0, collected at 2000g for 10 min, and resuspended in
5 ml of ONaSW, pH 8.0, with 0.1 mM PMSF. Flagella were
etached from sperm by passing the sperm suspension 10 times
hrough a 21-gauge hypodermic needle and separated from sperm
eads by centrifugation at 2000g for 5 min. The pellet, containing
eads and whole sperm, was reprocessed by the same procedure to
ecover more isolated flagella. To remove any remaining heads or
hole sperm, the combined supernatants were centrifuged again at
000g for 5 min. The isolated flagella were pelleted by centrifuga-
ion at 6000g for 30 min, swollen and lysed by dilution in 4 ml of
ntravesicular medium (40 mM KCl, 1 mM MgCl2, and 10 mM
Pipes, pH 6.7, with or without additional test reagents), and
homogenized with a Teflon pestle. Axonemes were removed by
centrifugation at 13,000g for 4 min. The flagellar membrane
vesicles were collected by centrifugation at 130,000g for 15 min;
resuspended in 40 mM KCl, 20 mM MgCl2, and 10 mM Pipes, pH
6.7; and stored at 270°C until used.
Membrane Potential Measurements
Membrane potential was determined in a SLM-Aminco spec-
trofluorimeter using the positively charged fluorescent membrane
potential-sensitive dye diS-C3-(5) (125 nM) and the anionic probe
iS-Ba-C3-(3) (62.5 nM), both dissolved in dimethyl sulfoxide
DMSO). The final DMSO concentration was 0.12%. DiS-C3-(5)
uorescence was excited at 620 nm and measured at 670 nm
Gonza´lez-Martı´nez and Darszon, 1987; Reynaud et al., 1993) while
iS-Ba-C2-(3) was excited at 540 nm and measured at 580 nm. Five
icroliters of the vesicular suspension (2–4 mg of protein/ml) was
dded to 1.6 ml of membrane potential assay medium (MPAM) (20
M MgSO4, 1.5 mM Ca(OH)2, 0.5 mM CaCl2, 20 mM Hepes, pH
8.0, adjusted with N-methyl-D-glucamine). Round cuvettes (fitted
est tubes) were used with continuous stirring at 16°C. After
quilibration (2–4 min) the recording was started. Fluorescence
hanges were calibrated according to the K1 equilibrium potential
enerated in the vesicles in the presence of the K1 ionophore
alinomycin. K1 additions for this calibration were (in mM) 0.3125,
0.625, 1.25, and 2.5.
Membrane potential measurements in swollen sperm were per-
formed as described by Babcock et al. (1992). Dry sperm were
diluted 1:20 in artificial seawater with 1 mM Ca21, pH 7.0. Sperm
(10 ml of this suspension) were swollen by suspending them in 1/10
iluted artificial seawater plus 20 mM Mg2SO4, pH 7.0. The
following K1 additions were used for calibration (in mM): 10, 20,
nd 40. In all figures the values given represent the means 6 SEM
f at least four experiments.s of reproduction in any form reserved.
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287cGMP-Regulated K1 Channels in Sea Urchin SpermDetermination of cGMP in Flagellar Membranes
The cGMP content was determined by radioimmunoassay of
vesicle lysates. Flagellar membranes (300 mg) resuspended in 20 ml
f MPAM with 100 mM of IBMX were incubated with or without
speract (100 nM) for 1 min at 14°C. Thereafter, the suspension was
centrifuged at 200,000g for 15 min at 4°C; the membranes were
resuspended in 200 ml of MPAM and boiled for 5 min. They were
then allowed to reach room temperature, and cGMP was extracted
with 2 vol of ethanol by vortexing 1 min and allowing the
suspension to stand for 5 min at room temperature. The suspension
was centrifuged at 16,000g for 20 min and the cGMP-containing
supernatant was removed and evaporated under vacuum until dry.
The residue was dissolved in 50 ml of the buffer provided with the
assay kit (TRK 500) and processed according to instructions pro-
vided by supplier (Amersham).
RESULTS
The hyperpolarization induced by speract in the flagellar
vesicles is qualitatively similar when measured with diS-
C3-(5) or diS-Ba-C2-(3), as reported by Lee (1988) and illus-
rated in Figs. 1A and 1B. However, the diS-Ba-C2-(3) signal
s difficult to calibrate as it forms insoluble complexes with
FIG. 1. Speract-induced hyperpolarization in sperm flagellar
vesicles. The top traces are representative of the hyperpolarization
induced by 100 nM speract in the flagellar vesicles measured with
either (A) diS-C3-(5) or (B) diS-Ba-C2-(3). Neither the speract solvent
(A, second trace) nor an irrelevant peptide, resact (100 nM) (A, third
trace), induced hyperpolarization. Arrows indicate the additions of
each compound. (C) Concentration dependence of the speract
response measured with diS-C3-(5). This membrane potential dye
as used throughout. In all figures the values given represent the
eans 6 SEM of at least four experiments and all membrane
otential traces are accompanied by the corresponding time and
embrane potential scales or fluorescence arbitrary units (FAU)
hen calibration was not possible due to the experimental condi-
ion.Copyright © 2000 by Academic Press. All rightalinomycin (Rink et al., 1980; Zeng et al., 1995) while
diS-C3-(5) is easily calibrated with valinomycin, and its
ignal is larger. For this reason diS-C3-(5) was used through-
ut. Measurements with this dye indicated that the vesicle
esting membrane potential was 280 6 3 mV (n 5 110) and
hat a maximal speract-induced hyperpolarization of 231 6
7 mV was reached in 40 6 6 s (n 5 136). This hyperpo-
arization decayed in minutes. Neither solvent nor 100 nM
esact, a peptide that does not induce a response in S.
urpuratus sperm (Garbers, 1989), changed the flagellar
esicle membrane potential (Fig. 1A), indicating the speci-
city of the response. Figure 1C shows that the half-
aximal response was obtained with 0.8 nM speract and
aturation occurred at ;25 nM. The speract response of the
esicles was independent of external pH from 6.5 to 8.0, but
as inhibited at pH 5.0 (data not shown).
Inclusion of GTP (Lee, 1988) (not shown) or GTPgS (300
mM) in the flagellar vesicles increased their response to
speract (Fig. 2). If this enhancement was mediated by a G
protein it would be expected that GDPbS, a G protein
antagonist, would inhibit the speract-induced hyperpolar-
FIG. 2. G protein modulators in the speract response of flagellar
vesicles. (A) Speract-induced hyperpolarization in control or pre-
loaded vesicles with 300 mM GTPgS or GDPbS or exposed to 10 mM
astoparan. GTPgS and GDPbS were included inside the vesicles
as indicated under Materials and Methods, mastoparan is mem-
brane permeable and was added 10 min before speract (25 nM). (B)
Summary of results obtained in experiments as in (A). The hyper-
polarization induced by speract was normalized with respect to the
control.s of reproduction in any form reserved.
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288 Galindo et al.ization, but it does not (Lee, 1988) (Fig. 2A, third trace, and
Fig. 2B). Furthermore, other G protein activators, like
aluminate (AlF42: 20 mM NaF/50 mM AlCl3) and mastopa-
ran, did not enhance the speract response (Figs. 2A and 2B).
It is likely that the enhancement of the speract response
caused by GTP and GTPgS is because they act as substrates
f GC in the vesicles (Bentley et al., 1987).
Cyclic Nucleotides Regulate the Speract Response
Cook and Babcock (1993a) reported that IBMX, a PDE
inhibitor, is more specific for the cGMP-selective PDEs
in sea urchin sperm. This compound enhanced the in-
crease in cGMP concentration and the hyperpolarization
observed during the speract response in swollen sperm
FIG. 3. Effect of phosphodiesterase inhibitors on the speract
response. Phosphodiesterase inhibitors (100 mM) were added 1 min
before speract (25 nM). (A) Membrane potential traces for which
DMSO (control), IBMX, papaverine, or Ro-20-1724 were used. (B) A
summary of the results as in (A). Hyperpolarization ( y axis) was
normalized with respect to the speract response without inhibitors.
(C) The speract-induced increase in cGMP concentration in the
flagellar vesicles (see Materials and Methods). cGMP concentration
determined before adding speract (100 nM) was normalized and
compared to the value 1 min after adding the peptide.Copyright © 2000 by Academic Press. All rightCook and Babcock, 1993a). As expected, IBMX (100 mM)
added 1 min before speract increased (80%) the hyperpo-
larization induced by this peptide in flagellar vesicles
(Figs. 3A and 3B). For comparison, the first trace shows a
control response to speract including the solvent addi-
tion. On the other hand, two inhibitors more specific for
cAMP-selective PDEs, papaverine and Ro-20-1724 (Cook
and Babcock, 1993a), had no effect at 100 mM on the
agellar vesicle speract-induced hyperpolarization (Figs.
A and 3B). These results are consistent with the conten-
ion that an increase in cGMP concentration opens
1-selective channels responsible for the speract-induced
yperpolarization of the vesicles. As anticipated, a
peract-induced increase in the concentration of cGMP
ould be detected in the vesicles in the presence of 100
mM IBMX (Fig. 3C).
Though a correlation has been established between the
peract-induced increase in cGMP levels and the hyper-
olarization it produces (Cook and Babcock, 1993a; La-
arca et al., 1997), experiments showing that permeable
GMP analogs can induce a K1-dependent hyperpolariza-
ion in sea urchin sperm or flagellar vesicles had not been
eported. 8Br-cGMP, a good hydrolysis-resistant perme-
ble agonist of CNG channels (Koch and Kaupp, 1985), is
more powerful activator of these kinds of channels than
yclic GMP itself. Koch and Kaupp (1985) showed that
nalogues of cGMP which are modified at the ribose,
hosphodiester, or pyrimidine portion of the molecule,
ike diBu-cGMP, are ineffective as CNG channel ago-
ists. 8Br-cGMP (300 mM) produced a large hyperpolar-
zation (1.6-fold the speract response) in these vesicles
nd decreased the following speract response (Fig. 4A,
rst and second traces, and Fig. 4B). The response induced
y 8Br-cGMP was inhibited when external K1 was raised
to 10 mM (Fig. 4A, third trace). On the other hand, 300
mM diBu-cGMP, which is not considered a good agonist
or CNG channels of bovine rods (Koch and Kaupp, 1985),
nduced a small hyperpolarization in flagellar vesicles
nd an approximately 30% reduction in the speract
esponse. At 1 mM this analog caused a small depolar-
zation (Fig. 4B). In contrast, the permeable analogues of
AMP, 8Br-cAMP and diBu-cAMP, were unable to induce
change in membrane potential by themselves or alter
he speract response (Fig. 4B). These results further
upport the proposal that cGMP and not cAMP regulates
he speract-induced hyperpolarization in flagellar
esicles.
Furthermore, in swollen sperm, 1 mM 8Br-cGMP also
roduced a hyperpolarization and then a depolarization.
his response is qualitatively similar to that induced by 100
M speract in these cells (Fig. 5). Swollen sperm were used
ecause their ionic conditions are closer to those of the
agellar vesicles. In addition, the membrane potential
hanges induced by speract in swollen sperm are larger and
asier to analyze than those recorded in normal sperm
Babcock et al., 1992).s of reproduction in any form reserved.
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289cGMP-Regulated K1 Channels in Sea Urchin SpermSperact and 8Br-cGMP May Activate the Same
Permeability Pathway
Raising external K1 to 10 mM inhibits both the 8Br-
cGMP and the speract-induced hyperpolarization in
flagellar vesicles, suggesting that the same channel may
mediate both responses. To explore this possibility we
FIG. 4. Membrane potential changes induced by various memb
speract. (A) A control response to speract (25 nM), including the so
(300 mM) and its effect on the speract response is shown in the
8-Br-cGMP; it totally inhibited the 8Br-cGMP and speract respons
hyperpolarization. (B) Summary of results obtained in experiment
control or in presence of 8Br-cGMP (300 mM), diBu-cGMP (300 mM
the membrane potential changes induced by the different permeab
to the speract (25 nM) response without nucleotides.Copyright © 2000 by Academic Press. All rightcompared the ion selectivity of the two responses. Lee
(1988) tested the capacity of K1, Rb1, and Cs1 to inhibit
he speract-induced hyperpolarization in sperm flagellar
esicles as an indirect way to study its ion selectivity.
nfortunately Na1, the major cation in seawater, was not
included in such investigation. Figure 6A shows that
permeable cyclic nucleotides and their effect in the response to
t addition (first trace). The hyperpolarization caused by 8Br-cGMP
nd trace. In the third trace, 10 mM K1 was added 1 min before
he last trace shows how 8Br-cAMP (1 mM) is unable to produce a
in (A). Filled bars indicate the speract-induced hyperpolarization:
M), 8Br-cAMP (1 mM), or diBu-cAMP (1 mM). Open bars indicate
cleotides. Hyperpolarization ( y axis) was normalized with respectrane-
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290 Galindo et al.while 1 mM external K1 is enough to achieve maximum
inhibition of the speract response, 5 mM Na1 inhibits
only ;15%. The observed selectivity sequence (K1 . Rb1
@ Li1 . Na1) confirms that the speract-induced perme-
bility is quite selective for K1. Since in flagellar mem-
ranes the speract-induced permeability remains open for
any seconds, the ionic selectivity was also examined
dding several monovalent ions at 1.25, 2.5, and 5 mM
fter exposing the flagellar vesicles to 100 nM speract
not shown). A saturating concentration of the peptide
as used to ensure that most channels would open. A
electivity sequence similar to that described above was
ound: K1 . Rb1 @ Cs1 . Li1 . Na1. Similar results were
obtained in experiments in which 8Br-cGMP (300 mM)
as used to trigger vesicle hyperpolarization (Fig. 6B).
hese findings indicate that 8Br-cGMP and speract may
ctivate the same K1 selective channel.
Blockade of Speract Response in Flagellar Vesicles
Considering that speract opens a permeability pathway
selective for K1, a battery of K1 channel modulators was
tested (see Table 1). Of these compounds only Ba21 (IC50
;100 mM; Fig. 7A) and 4-AP (IC50 4.1 mM; Fig. 7B) inhibited
he speract response in sperm flagellar vesicles. K1 channels
directly modulated by cGMP can also be blocked by 4-AP
(Gomez and Nasi, 1994, 1995). Furthermore DCB, another
blocker of CNG channels and K1-selective channels modu-
lated by cGMP (Gomez and Nasi, 1997), inhibited the
speract response (IC50 1 mM; Fig. 7C). In addition, 4-AP and
DCB also blocked the hyperpolarization induced by 8Br-
cGMP with a similar potency (Fig. 7D). These results
further support the proposal that a K1-selective channel
FIG. 5. 8Br-cGMP also hyperpolarizes swollen sea urchin sperm.
S. purpuratus sea urchin sperm were swollen in 1/10 diluted
artificial seawater, pH 7.0, plus 20 mM Mg2SO4, as indicated under
aterials and Methods. Membrane potential changes were mea-
ured using diS-C3-(5) as described by Babcock et al. (1992). Traces
how membrane potential changes with speract (100 nM) and
Br-cGMP (1 mM) as indicated by arrows. Bars represent the
yperpolarization induced by speract and 8Br-cGMP. Hyperpolar-
zation ( y axis) was normalized with respect to the speract-induced
yperpolarization.Copyright © 2000 by Academic Press. All rightregulated by cGMP is responsible for the speract-induced
hyperpolarization of the flagellar vesicles.
Protein Kinase and Phosphatase Inhibitors Do Not
Alter the Speract-Induced Hyperpolarization in
Sperm Flagellar Vesicles
The K1-selective channel opened by speract could be
irectly or indirectly regulated by cGMP. Inhibitors of
rotein kinases C, A, G, CaMKII; and tyrosine kinases did
ot alter the speract response of the flagellar vesicles even
t high concentrations (Fig. 8A). Phosphatase inhibitors
ere also unable to alter this response (Fig. 8B). These
ndings are inconsistent with the indirect pathway involv-
ng changes in the phosphorylation state of the channel and
ndicate that the cGMP modulation is direct.
FIG. 6. Ionic selectivity of the speract and 8Br-cGMP responses.
(A) Inhibition of the response to speract (100 nM) by different
monovalent ions in the external medium. The y axis represents the
normalized hyperpolarization. (B) Ionic selectivity of the 8Br-
cGMP-induced hyperpolarization. Membrane potential changes
induced by addition (arrows) of 1.25, 2.5, and 5 mM K1, Rb1, Cs1,
i1, or Na1 after 300 mM 8Br-cGMP in the absence of valinomycin.
The traces are representative of at least three experiments.s of reproduction in any form reserved.
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291cGMP-Regulated K1 Channels in Sea Urchin SpermDISCUSSION
Small peptides contained in the egg jelly surrounding the
sea urchin egg profoundly influence sperm physiology and
modulate gamete encounter. These egg peptides, such as
speract, stimulate K1 efflux and increase the levels of
GMP, cAMP, [Ca21]i, and pHi (Garbers, 1989; Darszon et
l., 1999).
High K1 concentrations (30–50 mM) in seawater inhibit
he speract-induced changes in sperm membrane potential,
Hi, and [Ca21]i (Darszon et al., 1999). These observations
oint to the importance of K1-selective channels in the
response to speract. On the other hand, increases in cGMP
levels have been correlated with the K1-dependent hyper-
olarization induced by speract in sea urchin sperm. These
esults led to the proposal that this decapeptide transiently
levates cGMP concentration, which in turn activates a
1-selective channel responsible for hyperpolarizing sperm
Dangott and Garbers, 1984; Lee and Garbers, 1986; Lee,
988; Garbers, 1989; Babcock et al., 1992; Yuen and Gar-
ers, 1992; Cook and Babcock, 1993a,b; Darszon et al.,
999). It has been shown that speract activates a K1-
elective channel in swollen sperm (Babcock et al., 1992).
TABLE 1
Effect of K1 Channel Modulators in the Hyperpolarization
nduced by Speract
K1 channel
modulator Concentration
% inhibition of the
speract response
gitoxin-2 100 nM 26 6 7
-AP 5 mM 64 6 4
pamin 1 mM 0 6 3
Charybdotoxin 100 nM 0 6 5
Ba21 1 mM 87 6 5
DCB 5 mM 61 6 10
a-Dendrotoxin 1 mM 2 6 6
b-Dendrotoxin 100 nM 5 6 12
g-Dendrotoxin 100 nM 8 6 3
d-Dendrotoxin 100 nM 21 6 3
Dendrotoxin-I 200 nM 5 6 5
Glibenclamide 100 nM 0 6 6
Iberiotoxin 25 nM 0 6 6
Kaliotoxin 100 nM 25 6 11
Margatoxin 40 nM 17 6 2
Noxiustoxin 100 nM 13 6 2
Penitrem A 100 nM 0 6 14
Pinacidil 500 mM 0 6 18
Paxillina 100 nM 12 6 11
Quinine sulphate 10 mM 16 6 4
Stichodactyla toxin 1 mM 15 6 9
TEA inside 40 mM 12 6 4
TEA outside 30 mM 0 6 3
ityustoxin-Ka 50 nM 26 6 2
Note. All compounds were used at saturating concentrations and
added 1–5 min before 25 nM speract addition.Copyright © 2000 by Academic Press. All rightowever, it has not been demonstrated that the down-
tream target of cGMP is a K1-selective channel.
Sea urchin sperm flagellar membrane vesicles containing
unctional speract receptors are a simplified system suitable
o study the speract response (Lee, 1988). Inclusion of GTP
r GTPgS in the vesicles enhances the speract-induced
hyperpolarization (Lee, 1988, and this report). Based on
these findings Lee (1988) proposed that GTP is involved in
the coupling between the speract receptor and the mem-
brane hyperpolarization, which is most likely due to the
activation of K1-selective channels. This author suggested
that a G protein could participate in the response. Unex-
pectedly, loading of flagellar vesicles with GDPbS (Lee,
988), an inhibitor of G proteins, or with activators of G
roteins (aluminate and mastoparan) did not significantly
nfluence the speract response (Fig. 2). These results do not
upport the proposed role of a G protein in this response.
onsidering that GTP and GTPgS are substrates for the
sperm GC (Bentley et al., 1987), the most plausible expla-
ation is that these compounds stimulate the speract re-
ponse, increasing the availability of substrate and enhanc-
ng cGMP production. Indeed, it is possible to measure
peract-induced production of cGMP in the vesicles (Fig.
C).
IBMX, which preferentially inhibits the cGMP-selective
DEs in sea urchin sperm (Cook and Babcock, 1993a),
nhanced the speract-induced hyperpolarization of flagellar
esicles, while papaverine and Ro-20-1724, which are more
pecific inhibitors of cAMP-selective PDEs (Lugnier et al.,
FIG. 7. Inhibition of the speract and 8Br-cGMP responses by K1
channel antagonists and DCB. Ba21 (A), 4-AP (B), and DCB (C)
nhibit the speract response (normalized hyperpolarization, y axis).
The hyperpolarization was normalized with respect to the speract
response without inhibitors. All antagonists were added 1 min
before speract (25 nM). (D) The hyperpolarization induced by
8Br-cGMP is inhibited by 4-AP (5 mM) and DCB (5 mM).s of reproduction in any form reserved.
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292 Galindo et al.1986; Cook and Babcock, 1993a), did not (Figs. 3A and 3B).
These observations are in agreement with what was found
in swollen (Cook and Babcock, 1993a) and in normal sea
urchin sperm (Beltra´n et al., 1996; Labarca et al., 1997).
urthermore, the membrane-permeable analogue of cGMP,
Br-cGMP (300 mM), known to activate CNG channels
(Kaupp, 1995) and K1 channels directly modulated by
GMP (Gomez and Nasi, 1995), hyperpolarized the vesicles
y itself and reduced the speract response (Fig. 4). However,
iBu-cGMP, another permeable analog of cGMP that does
ot activate the bovine rod CNG channel (Koch and Kaupp,
985), produced only a small hyperpolarization at 300 mM
and actually depolarized at 1 mM. Since this analog can
activate cGMP-dependent protein kinases (Cataldi et al.,
1999) but does not mimic the speract response (Fig. 4), a
kinase of this type probably does not play a major role in the
response. Finally, neither 8Br-cAMP nor diBu-cAMP caused
a vesicle hyperpolarization. These results are consistent
with the proposal that the speract-induced hyperpolariza-
tion is caused by an increase in cGMP concentration (Lee
and Garbers, 1986; Garbers, 1989; Babcock et al., 1992;
Cook and Babcock, 1993a,b). In addition, it was found that
the hyperpolarization induced by both speract and 8Br-
cGMP displays the same selectivity sequence (K1 . Rb1 @
i1 . Na1). This ionic selectivity is also similar to that
eported for the speract-induced hyperpolarization in intact
perm (K1 . Rb1 . Cs1 . Na1) (Babcock et al., 1992).
FIG. 8. Effect of protein kinase (A) and phosphatase (B) inhibito
normalized hyperpolarization induced by 25 nM speract in the abse
1004 (60 mM), KN-62 (4 mM), Rp-8-pCPT-cGMPS (20 mM), H-7 (40
Okadaic acid (10 nM), NaF (20 mM, in internal and external mediCopyright © 2000 by Academic Press. All righturthermore, 8Br-cGMP also induces a K1-dependent hy-
erpolarization in swollen sperm (Fig. 5). These findings
uggest that speract and 8Br-cGMP open the same channel
n sea urchin sperm flagellar vesicles and presumably in
ntact sperm.
The pharmacology of the speract response in these
esicles was determined using K1 and/or cyclic nucleotide-
modulated channel blockers. It is worth noting that from a
battery of voltage-dependent K1 channel blockers, only Ba21
and 4-AP inhibited the speract-induced hyperpolarization
with IC50s of 100 mM and 4.1 mM, respectively. DCB, an
amiloride derivative and effective inhibitor of CNG chan-
nels (Nicol et al., 1987; Kolesnikov et al., 1990; Kolesnikov
and Kosolapov, 1993), also blocked the speract-induced
hyperpolarization in flagellar vesicles (IC50 1 mM).
K1 selective channels directly modulated by cGMP par-
ticipate in the light-induced hyperpolarization of scallop
ciliary photoreceptors (Gottow et al., 1994; Gomez and
asi, 1995, 1997) and of the extraocular, photosensitive
eurons from the abdominal ganglion of the mollusc On-
hidium verrunculatum (Gottow et al., 1994). These chan-
els are blocked by 4-AP (IC50 0.6 mM) (Gomez and Nasi,
1994) and DCB (IC50 5 mM) (Gomez and Nasi, 1997), as it
ccurs with the K1 channel involved in the speract re-
sponse. The fact that 4-AP is much more potent in blocking
the K1 channel regulated by cGMP from scallop photore-
ceptors than the channel activated by speract suggests
the response to speract of flagellar vesicles. Bars represent the
nd presence of saturating concentrations of the inhibitors. (A) HA
), H-8 (40 mM), Lavendustin A (5 mM), and Genistein (10 mM). (B)
and vanadate (1 mM).rs on
nce a
mM
um),s of reproduction in any form reserved.
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293cGMP-Regulated K1 Channels in Sea Urchin Spermdifferences between them. On the other hand, the similar
sensitivity of the two channels to DCB indicates they may
be related. The observations made in sperm flagellar
vesicles are consistent with the participation of a cGMP-
modulated K1-selective channel in the speract-induced hy-
perpolarization.
Does cGMP regulate the K1 channel opened by speract
irectly or indirectly through a kinase? Inhibitors for pro-
ein kinases C, A, and G; CaMKII; and tyrosine kinases, and
or protein phosphatases, were unable to alter the response
f flagellar vesicles to speract even at high concentrations
Fig. 8). These experiments imply that cGMP directly
odulates the K1-selective channel and not by changing its
hosphorylation state. Inside-out patch clamp recordings in
wollen sea urchin sperm could demonstrate the latter
ossibility; however, so far these experiments have not
een possible.
CNG channels are hetero-oligomers composed of at least
wo different subunits, a and b. Distinct subunit combina-
ions can generate functionally diverse channels (Biel et al.,
995). CNG channels have been found in a variety of
ensory and nonsensory tissues such as heart, kidney, liver,
uscle, testis, and sperm (Biel et al., 1994; Distler et al.,
994; Weyand et al., 1994; Feng et al., 1996; Finn et al.,
996). The a subunit (Kaupp et al., 1989) and several b
subunits (Wiesner et al., 1998) of a channel directly regu-
lated by cGMP have been cloned and immunodetected in
mammalian sperm flagella.
Various channels modulated by cyclic nucleotides par-
ticipate in sperm physiology (Gauss et al., 1998; Darszon et
al., 1999). This report suggests the participation of a K1-
selective channel directly activated by cGMP in the speract
response in sea urchin sperm. Previously, a poorly selective
K1 channel (pK1/pNa1 5) directly modulated by cAMP was
tudied by incorporating flagellar sperm membranes in
lanar lipid bilayers (Labarca et al., 1996). Recently Gauss
et al. (1998) cloned and functionally expressed a channel
from sea urchin testis with similar properties, named SPIH.
This channel was immunodetected in sperm flagella (Gauss
et al., 1998) and might participate in the repolarizing phase
of the speract response (Labarca et al., 1996; Gauss et al.,
1998). Because this channel is activated both by hyperpo-
larizing potentials (H) and cyclic nucleotides (CN), it is a
member of a growing family of channels named HCN
channels (Clapham, 1998). The channels of this new family
are important in shaping the autonomous rhythmic activity
of single neurons and the periodicity of network oscilla-
tions (Seifert et al., 1999).
Unfortunately K1-selective channels directly modulated
y cGMP have not been cloned. It was proposed that the
ight-dependent channels from invertebrate ciliary photore-
eptors might bridge the gap between CNG channels and
oltage-dependent K1 channels (Gomez and Nasi, 1997). It
ill be interesting to study to which channel family the sea
rchin sperm K1 channel regulated by cGMP belongs.Copyright © 2000 by Academic Press. All rightACKNOWLEDGMENTS
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